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ABSTRACT

This study employs a newly defined regional-rainfall-event (RRE) concept to compare the hourly charac-
teristics of warm-season (May—September) rainfall among rain gauge observations, China merged hourly pre-

cipitation analysis (CMPA-Hourly), and two commonly used satellite products (TRMM 3B42 and CMORPH).

By considering the rainfall characteristics in a given limited area rather than a single point or grid, this
method largely eliminates the differences in rainfall characteristics among different observations or measure-
ments over central-eastern China. The results show that the spatial distribution and diurnal variation of
RRE frequency and intensity are quite consistent among different datasets, and the performance of CMPA-
Hourly is better than the satellite products when compared with station observations. A regional rainfall
coefficient (RRC), which can be used to classify local rain and regional rain, is employed to represent the
spatial spread of rainfall in the limited region defining the RRE. It is found that rainfall spread in the
selected grid box is more uniform during the nocturnal to morning hours over central-eastern China. The
RRC tends to reach its diurnal maximum several hours after the RRE intensity peaks, implying an in-
termediate transition stage from convective to stratiform rainfall. In the afternoon, the RRC reaches its
minimum, implying the dominance of local convections on small spatial scale in those hours, which could
cause large differences in rain gauge and satellite observations. Since the RRE method reflects the overall
features of rainfall in a limited region rather than at a fixed point or in a single grid, the widely recognized
overestimation of afternoon rainfall in satellite products is not obvious, and thus the satellite estimates are
more reliable in representing sub-daily variation of rainfall from the RRE perspective. This study proposes
a reasonable method to compare satellite products with rain gauge observations on the sub-daily scale,
which also has great potential to be used in evaluating the spatiotemporal variation of cloud and rainfall in
numerical models.
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1. Introduction

Because of its nonhomogenous behavior in terms
of event occurrence and intensity, rainfall is one of the
most important and challenging meteorological vari-
ables. The spatial and temporal distributions of rain-
fall are closely related to drought, river runoff, and
soil erosion, which usually cause negative environmen-

tal and social consequences (Houze Jr., 1997; Carbone

et al., 2002; Trenberth et al., 2003; Zhang and Zhai,
2011; Chen Jiong et al., 2013; Moseley et al., 2013).
Understanding the structure and variation of precip-
itation is fundamental in meteorology. In particular,
detailed knowledge regarding rainfall characteristics is
particularly important in the validation of numerical
models. Specifically, the diurnal variation of rainfall
is fundamental to regional climate, and provides more

information on the nature and characteristics of pre-

Supported by the Outstanding Tutors for Doctoral Dissertations of S & T Project in Beijing (20138005801), National Natural
Science Foundation of China (41375004), and Basic Scientific Research and Operation Foundation of the Chinese Academy of

Meteorological Sciences (2014R013).
*Corresponding author: chenhm@camscma.cn.

©The Chinese Meteorological Society and Springer-Verlag Berlin Heidelberg 2016



738 JOURNAL OF METEOROLOGICAL RESEARCH

cipitation (Tren-berth et al., 2003; Dai et al., 2007; Yu
et al., 2010; Yuan et al., 2010; Li et al., 2011; Yu and
Li, 2012). The regional and global features of rain-
fall diurnal variations have been extensively studied
with ground-based meteorological observations (Wal-
lace, 1975; Dai et al., 1999; Yu et al., 2007b), precipita-
tion radar (Nesbitt and Zipser, 2003; Bhatt and Naka-
mura, 2005; Bowman et al., 2005), and meteorologi-
cal satellites carrying infrared radiometers (Yang and
Slingo, 2001) or microwave radiometers (Sorooshian et
al., 2002). Owing to certain types of spatial or tem-
poral sampling limitations of in-situ datasets, more
studies on the diurnal cycle of precipitation are based
on satellite observations—especially those products
deemed to be of high-quality, uniform, and consis-
tent, such as the Tropical Rainfall Measuring Mis-
sion (TRMM) (e.g., Bowman et al., 2005; Hirose and
Nakamura, 2005; Chen G. X. et al., 2013; Satoh and
Kitao, 2013; Xu, 2013) and the NOAA Climate Pre-
diction Center Morphing Technique (CMORPH) (e.g.,
Janowiak et al., 2005; Bao and Zhang, 2013; Guo et
al., 2014).

However, previous studies have indicated that
there is considerable uncertainty when applying
radiometer-sensed satellite products to diurnal vari-
ations. It is widely recognized that afternoon and
evening rainfall in satellite products tends to shift a
few hours later than that in surface observations over
land areas (Dai et al., 2007; Huffman et al., 2007;
Kikuchi and Wang, 2008; Sapiano and Arkin, 2009),
resulting in overestimation of rainfall during the after-
noon and underestimation of rainfall during the late
night and morning in satellite estimates (Sorooshian et
al., 2002). Zhou et al. (2008) compared the diurnal cy-
cle of the East Asian summer monsoon rainfall among
rain gauge observations and two satellite estimates,
and pointed out that the satellite products overesti-
mated the rainfall frequency but underestimated its in-
tensity over eastern China. Meanwhile, both satellite
products overestimated the afternoon rainfall peak, es-
pecially in the regions between the Yangtze and Yel-
low rivers, with a robust semi-diurnal variation. Simi-
larly, Shen et al. (2010) noted that the early morning

(afternoon) rainfall peak associated with the Meiyu
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rainbelt over central-eastern China was substantially
underestimated (overestimated) in six high-resolution
satellite precipitation products. Yuan et al. (2012)
investigated the sources of the differences between
gauge measurements and TRMM products. They con-
cluded that the overestimation of afternoon rainfall
in TRMM, including the enhanced rainfall in TRMM
when both datasets measured the rainfall but light
rainfall was detected only by TRMM, strengthened in
the afternoon rainfall amount and frequency.

Previous studies have mostly compared satellite
products with rain gauge measurements at the gauge
locations (e.g., Bowman et al., 2005; Chen Haoming
et al., 2012; Yuan et al., 2012), or by interpolating the
different datasets to the same resolution (e.g., Zhou
et al., 2008). This approach is not entirely reasonable
because rainfall events usually demonstrate consider-
able spatiotemporal inhomogeneity, and the retrieval
algorithms are completely different between rain gauge
measurements and satellite estimates. Moreover, al-
gorithms vary even more among satellite products. A
rain gauge measures accurate surface precipitation at
a fixed location, but it fails to represent precipitation
with high spatial variation, especially over regions over
complex terrain (Ciach, 2003). Satellite precipitation
products are able to detect spatial and temporal vari-
ations of precipitation at a finer resolution. However,
satellite-based remote sensing is an indirect estimation
of precipitation, which contains regional and temporal
systematic biases and random errors (Shen et al., 2010,
2014; Tian et al., 2010). Point-to-point comparison or
simple interpolation could inherently cause the biases
for satellite products.

In addition, previous comparison studies have
mainly focused on the temporal variation of rainfall
at one location or in one grid, with the spatial vari-
ation rarely being considered. Rainfall events usually
show great spatial and temporal inhomogeneity, and
these variabilities in space and time are not indepen-
dent of one another (Soltani and Modarres, 2006; Mo-
ron et al., 2010; Moseley et al., 2013). Toews et al.
(2009) suggested that local and regional precipitation
events contribute differently to groundwater processes,

and they also mentioned that the ability to predict lo-
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cal precipitation is rather poor in current global cli-
mate models. Regional rain is usually closely related
to mesoscale systems, while local rain is more closely
related to isolated convections. The abilities of differ-
ent measurements in detecting local and regional rain
could be an important cause of the differences between
in-situ observations and satellite-based remote sens-
ing. The detection ability of widely-spread regional
rain could be equivalent between a rain gauge at a
fixed location and satellite-based remote sensors, while
that of local rain with limited spatial spread could be
very different.

Recently, Yu et al. (2015) defined a new regional-
rainfall-event (RRE) concept to study the spatiotem-
poral variation of rainfall over a limited area, and
they also defined a new regional rainfall coefficient
(RRCO) to classify local rain and regional rain in a given
area. They showed that the RRC, together with in-
tensity and duration, provides more information on
the complete spatiotemporal organization and evolu-
tion of RREs, which are defined by observed rainfall
at multiple, well-distributed stations in a limited area.
The definition of an RRE reflects the regional mean
characteristics of rainfall events. In terms of the re-
gional mean state in a limited area, the rain gauge
observations and satellite-based remote sensing mea-
surements could have comparable ability in detecting
rainfall events. Thus, RREs are more suitable for com-
parison between different datasets.

In this study, the newly defined RRE concept
of Yu et al.

season (May—September) hourly rainfall characteris-

(2015) is employed to compare warm

tics between gauge measurements and satellite precip-
itation products. The newly released China merged
hourly precipitation analysis (CMPA-Hourly), which
is a combination of station and satellite observations,
is also used, and we evaluate its performance in rep-
resenting the hourly rainfall features over central—
eastern China. The results will be a useful reference
for the use of high-resolution satellite precipitation
products in analyzing sub-daily rainfall features. Fur-
thermore, the method may also have great potential in
evaluating the spatiotemporal variation of cloud and

rainfall in numerical models. Following this introduc-
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tion, Section 2 describes the rainfall datasets and de-
fines the RRE. The mean frequency, intensity, and re-
gional differences of the RRE are presented in Section
3. Section 4 examines the diurnal variation of the RRE
and corresponding variation of the RRC. Concluding

remarks are given in Section 5.
2. Data and methods

2.1 Data description

This study uses the hourly rainfall records of
more than 10000 automatic weather stations over
central-eastern China (18°-43°N, 100°-125°E) in the
warm season (May—September) during 2008-2013.
The gauge-observed hourly rain data were obtained
from the national climatic reference network, the na-
tional weather surface network, and regional auto-
matic weather stations. The dataset was collected and
quality-controlled by the National Meteorological In-
formation Center (NMIC) of the China Meteorological
Administration (CMA). The black dots in Fig. 1 mark
the locations of the stations.

The hourly, 0.1° x 0.1°, merged precipitation
analysis product, CMPA-Hourly (Shen et al., 2014),

100 105 110 115 120 125°E

10 15 20 25 30 35 40 45

Fig. 1.

(black dots) over central-eastern China.

Locations of the automatic weather stations
Color shading
denotes the number of stations on each 0.5° grid used in
this study.
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from 2008 to 2013, was also provided by the NMIC
of the CMA. The CMPA-Hourly merges high-density
hourly data from automatic weather stations over
China with the CMORPH precipitation product by
using the improved Probability Density Function and
Optimal Interpolation (PDF-OI) merging algorithm.
Over central-eastern China, with its high density of
stations, CMPA-Hourly data mainly reflect the rainfall
characteristics of these stations, and the satellite esti-
mates do not evidently influence the data quality over
this region. However, due to the effect of interpolation,
the finer detail of the rainfall characteristics in CMPA-
Hourly grids may still differ from that at the rain gauge
stations around the grids. A report on the overall qual-
ity of CMPA-Hourly and its cross-validation results
with station records can be found in Shen et al. (2014).
The real-time data are provided on the NMIC website:
http://cdc.nmic.cn/sksj.do?method=ssrjscprh.

To further reveal the reliability of satellite-based
estimates on the sub-daily scale, two satellite precip-
itation products are used in this study. The first
satellite product is TRMM 3B42 precipitation data
(3 hourly, 0.25°) from 2008 to 2013 (Huffman et al.,
2007).
timal combination of microwave rain estimates from
TRMM, SSM/I (Special Sensor Microwave Imager),
AMSU (Advanced Microwave Sounding Unit), and
AMSR (Advanced Microwave Scanning Radiometer),
to adjust infrared (IR) estimates from geostationary
IR observations. In addition, the CMORPH product
(3 hourly, 0.25°) from the same period is also used
in this study (Joyce et al., 2004). CMORPH exclu-
sively uses precipitation estimates derived from low

This product was derived by using an op-

orbiting satellite microwave observations, and the ob-
servational features are transported via spatial propa-
gation information obtained entirely from the IR data

of geostationary satellites.
2.2 Definition of RRE and RRC

The definition of the RRE follows that of Yu et
al. (2015), which considers the rainfall characteristics
in a limited region as a whole to investigate the re-

gional rainfall distribution and evolution. Since Yu et
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al. (2015) focused on a small region over the Beijing
plain, they defined the RRE by observed rainfall at
only eight stations, well-distributed over the selected
region. In this study, we extend the limited region to a
large area over central-eastern China. Due to consid-
erable inhomogeneity in the rainfall distribution, the
RRE still needs to be defined in a limited area to effec-
tively represent the overall features of rainfall in the
selected region. Here, a 0.5° scan radius is used to
define the RRE. This means that the rainfall occur-
ring in a 0.5° x 0.5° grid box is considered as a whole,
which is represented by the definition of the RRE. The
scan radius is alterable according to the region of in-
terest. In this study, as the horizontal resolutions of
TRMM and CMORPH are both 0.25°, a smaller scan
radius would not be able to provide enough samples
in the grid box for the two satellite products. A 1°
scan radius was also tested, and the results showed no
qualitative differences to those described below. After
determining the scan radius, the area covering central—
eastern China is divided into 51 x 51 grid boxes with
0.5° intervals. In each grid box, the N records from all
stations or satellite grids are composited to define the
RRE. The number of samples N is different for sta-
tions and satellite products. For stations, the number
of stations in each grid box is shown by color shading
in Fig. 1. In most of central-eastern China, there are
more than 15 stations in each grid box; only in some
western regions is the number relatively smaller. As
indicated by Yu et al. (2015), the composite should
be suitable to any limited region with /N > 3 stations.
For gridded data, N is equal in all grid boxes, e.g., N
= 25 for CMPA-Hourly and N = 4 for both TRMM
and CMORPH.

For each hour ¢, the maximum record P, =
max(P;)(i = 1,..., N) is defined, where P;; is the mea-
surable rainfall (> 0.1 mm h~1!) at the station or grid
7 in each grid box. The time series of P,; are then
used to represent the rainfall intensity at hour t over
the grid box. It is worth noting that P,; is used as an
index to represent RRE because the regional rainfall
intensity can be well represented (please also see Fig.
3a in Yu et al. (2015)). However, the RRE is a more
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generalized concept, and other indexes can also be

used to represent its features. For example, the hourly

N

mean rainfall intensity, P,; = N > Py, at hour t,
i=1

was also tested. The results were similar to those us-

In the
following analyses, the time series of P,; are used to
define RREs. The durational features, which are de-
fined by hours without any intermittence or at most

ing P,; while using the time series of P,;.

1-h intermittence during a single event, are also inves-
tigated, following Yu et al. (2007a).

The RRC defined by Yu et al. (2015) is used to
quantify the rainfall spatial variability in the grid box
defining the RRE. For each hour with measurable rain-
fall (i.e., from the beginning hour #; to the end hour
ta), the hourly rainfall intensity P;; at each hour ¢ is

reordered from the largest Pp; to the smallest Py, ¢,

ie, Pit 2 Pox 2 ... 2 Py, 2 0.01 mm h~!. Then,

the RRC is defined as
2P, N, -1

RRC = o L 1

P+ Py ¢ N -1 (1)
1 Na

where P, = A > Py, N is the number of sam-
a =1

ples in each grid box at the hour ¢, and N, represents
the number of stations or grids that have measureable
rainfall. For a grid box with no rainfall, the RRC in
the grid box will not be calculated. The first item
of the RRC equation presents the homogeneity of the
rainfall intensity distribution in the given grid box.
As P;; is a monotonically decreasing permutation, the
first item of the equation implies that if more than
half of the stations or grids have rainfall stronger than
the mean intensity P,,,, the RRC could be large, in-
dicative of a regional event. The second item of the
equation involves the number of stations or grids that
can be regarded as rainy ones in the area. Generally,
the RRC can be used to separate local rain and re-
gional rain. For local rain with small scale, the RRC
is smaller; for regional rain more uniformly spread over
the selected grid box, the RRC is larger.

Due to limitations regarding the sensitivity of
tipping-bucket rain gauge instruments in China, hours
with rainfall intensity less than 0.1 mm are consid-

ered non-rain hours in the gauge observations. In the
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following analyses, only hours with rainfall intensity
greater than 0.1 mm h~! are treated as rainy hours for
all four datasets. For each hour and in each grid box,
the warm season means of RRE frequency (defined as

the percentage of hours having measurable precipita-
Npp
. . NSh .

in hour A during the day, Npy is the number of days

tion, i.e., F} = , where F}, is the RRE frequency
with measurable precipitation, and Ngj is the num-
ber of days with observational records in hour h) and

intensity (the mean rates averaged over the precipitat-

ing hours, i.e., I}, = —h, where [, is the intensity of
the RRE in hour h, anﬁhAh is the measurable rainfall
amount) are calculated for each year. The multi-year
(2008—2013) mean of warm season precipitation quan-
tities are derived by averaging the hourly or 3-hourly
quantities for each dataset. A composite diurnal cycle
of these precipitation quantities is derived from aver-

aging the hourly data over the years.

3. Mean state of the RRC, as well as the fre-
quency and intensity of RREs

One of the causes of the differences between rain
gauge observations and satellite data is that the for-
mer are obtained at a fixed location while the latter
are retrieved in a relative coarse grid. For the CMPA-
Hourly dataset, which combines rain gauge observa-
tions with high-resolution satellite estimations, its dif-
ference with gauge observations in terms of diurnal
variation has not previously been revealed. To eval-
uate the performance of CMPA-Hourly data, as well
as illustrate the common biases of satellite data on
the sub-daily timescale, the diurnal phases of warm-
season rainfall frequency from rain gauge observations,
CMPA-Hourly, TRMM, and CMORPH, are compared
in Fig. 2. Consistent with the previous studies (Yu et
al., 2007b; Zhou et al., 2008; Yuan et al., 2012), in
the rain gauge measurements (Fig. 2a), the afternoon
peak is obvious in southeastern coastal regions. In the
northern regions, the number of stations with an af-
ternoon peak is comparable to that with a nocturnal
peak. In the west of central-eastern China, nocturnal
to morning peaks dominate the diurnal variation of

the warm-season rainfall frequency. The diurnal vari-
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Fig. 2. Spatial distributions of the diurnal phase (Local Solar Time; LST) of the 20082013 warm-season (May—
September) mean hourly rainfall frequency from (a) rain gauges, (b) CMPA-Hourly, (c) TRMM, and (d) CMORPH
products. The different colors represent different hours. The Yellow and Yangtze rivers are marked by thick black lines.

ation of rainfall frequency in the CMPA-Hourly data is
quite similar to that over the gauge observations, espe-
cially over regions with a high density of stations (Fig.
2b). The nocturnal peak over the east of Tibet, the
morning peak over the middle reaches of the Yangtze
River valley, and the afternoon peak in southeastern
regions, are well represented. However, over regions
with a relatively sparse distribution of stations, espe-
cially over the middle reaches of the Yangtze River and
regions between the Yangtze and Yellow rivers, where

semi-diurnal variation is obvious, the CMPA-Hourly

data tend to overestimate the afternoon peak, possi-
bly because of the biases introduced by the CMORPH
data. The overestimation of the afternoon frequency
peak is more evident in the TRMM and CMORPH
data (Figs. 2c and 2d). In these two satellite esti-
mates, the afternoon peak dominates the regions east
of 110°E.

The biases of satellite data on the sub-daily scale,
even the CMPA-Hourly data, may introduce a num-
ber of uncertainties in analyzing the features of hourly

rainfall. However, these data are essential in such anal-
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yses because of the limitations of the rain gauge dis-
tribution. It is noted that the evaluation could be un-
fair for satellite estimates, because the station gauges
only observe the rainfall at a fixed location, whereas
satellite-based rainfall is more likely to be an average
of a grid. In the following analyses, it is illustrated
that, by defining the RRE, such a comparison could
become more reasonable, largely eliminating the differ-

ence caused by the observational measurements among
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different datasets.

The RRC indicates the spatial spread of the rain
in a given grid box. The warm-season mean RRC from
four datasets is shown in Fig. 3. The values among
the datasets are different, because they depend greatly
on the number of samples in each grid box (i.e., N)
in Eq. (1). The values in CMPA-Hourly (Fig. 3b)
are larger than those in the gauge measurements (Fig.
3a), and are even larger in the TRMM (Fig. 3c) and

0.63 0.67 0.71 0.75 0.79

Fig. 3. Spatial distributions of 2008-2013 warm-season mean RRC in each 0.5° grid derived from (a) rain gauge
observations, (b) CMPA-Hourly, (c) TRMM, and (d) CMORPH. The Yellow and Yangtze rivers are marked by white

lines.
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CMORPH (Fig. 3d) products. Nevertheless, all four
datasets show similar spatial distributions of warm-
season RRC over central-eastern China. The pattern
correlation coefficients between station observations
and the other three data all reach 0.98. The root-
mean-square error (RMSE) of CMPA-Hourly is 0.12,
smaller than those of TRMM and CMORPH (Table
1). The RRC is smaller over the south of the Yangtze
River valley, implying more local convection over these
In the regions north of 30°N, the RRC is
larger than that in the southern regions. Furthermore,

regions.

the largest RRC appears over the Hetao region. This
large-value center is evident in both rain gauge ob-
servations and CMPA-Hourly; while in TRMM and

120°E

100 110

VOL.30

CMORPH, the value of the RRC over the Hetao re-
gion is similar to that in northern China. Over the
eastern slope of the Tibetan Plateau, the RRC in rain
gauge observations is larger than that in the other
three datasets, which could be largely due to the sparse
distribution of stations over this region (Fig. 1). This
to some extent implies that the definition of the RRE
should be more reliable in regions with a dense obser-
vational network that uses gauge records.

The consistency in the mean RRC spatial dis-
tribution indicates that the application of the RRE
method to analyze hourly rainfall features is reliable.
The warm-season mean RRE frequencies are then
compared for the four datasets (Fig. 4). Generally,

\ o [T
100 110

3 6 9 12

14 16 18 20 24 30

Fig. 4. Asin Fig. 3, but for the hourly frequency of RREs (%).
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the RRE frequencies are comparable among the four
datasets. It is clear that the overestimation of fre-
quency in satellite-based products is largely eliminated
when compared by using the RRE method. Consis-
tent with previous studies (Zhou et al., 2008), the
frequency patterns derived from both satellite prod-
ucts are reasonably realistic. The spatial pattern is
closer to surface observations in CMPA-Hourly than
in TRMM and CMORPH. The pattern correlation co-
efficients between station observations and the other
three datasets all exceed 0.96 (Table 1). The RMSE
of CMPA-Hourly is 3.47%, also smaller than TRMM
(5.14%) and CMORPH (4.61%). RREs occur more
frequently over regions south of the Yangtze River,
where the RRC is relatively small; while in most of
the northern regions, the warm-season RRE frequency

is less than 16%. Over the Sichuan basin, the fre-
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quency reaches 16%—-20% in all datasets. Also of note
is that, over the eastern slope of the Tibetan Plateau,
both CMPA-Hourly and the two satellite products
show a larger frequency than surface observations.
As mentioned above, there could be large uncertain-
ties in regions with a sparse distribution of stations,
even when using RREs to investigate hourly rainfall
features among different datasets. Over the eastern
slope of the Tibetan Plateau, with its steep topogra-
phy, the number of stations in each grid box is smaller
and their distribution is non-uniform (Fig. 1). Thus,
the RRE features may not be fully captured by this
limited number of stations in this area. Compar-
ing CMPA-Hourly and CMORPH, the CMPA-Hourly
data show evident advantages in terms of spatial dis-
tribution compared with the original satellite products
(Table 1).

Table 1. Pattern correlation coefficients and RMSE between the station-observed, CMPA-Hourly, and satellite-
derived RREs” RRC (Fig. 3), frequency (Fig. 4), and intensity (Fig. 5)

. Pattern correlation RMSE
Variable CMPA Hourly TRMM CMORPH CMPA Hourly TRMM CMORPH
RRC 0.98 0.98 0.98 0.12 0.15 0.31
Frequency (%) 0.98 0.96 0.97 3.47 5.14 4.61
Intensity (mm h—1) 0.99 0.98 0.98 0.2 0.35 0.27

The hourly intensity of RREs among the differ-
ent datasets also presents a similar spatial pattern
(Fig. 5). The hourly intensity is larger in the east-
ern regions than in the western regions. The maxi-
mum intensity reaches 1.2-1.6 mm h~! in the lower
reaches of the Yangtze and Yellow rivers in station
observations (Fig. 5a); and in most of the western re-
gions, the RRE intensity is smaller than 1 mm h~!.
The intensity distribution in CMPA-Hourly is close
to station observations (Fig. 5b). However, the in-
tensity is slightly stronger over regions with relatively
fewer stations, e.g., the middle reaches of the Yangtze
River valley. The RRE intensity is also stronger in
the Sichuan basin in CMPA-Hourly. TRMM (Fig. 5¢)
and CMORPH (Fig. 5d) reproduce the spatial distri-
bution of warm-season RRE intensity, but the overes-
timation is more obvious in these two datasets, espe-
cially for TRMM. In most of the eastern regions, the
RRE intensity is greater than 1.2 mm h~! in TRMM,

which is 0.4-0.8 mm h~?! larger than that in the other
three datasets. Similar to the distribution of RRE fre-
quency, the intensity of CMPA-Hourly is closer to sta-
tion observations compared with CMORPH. Despite
the differences in values, which could be caused by the
inherent differences among datasets, the spatial distri-
bution of both frequency and intensity is comparable,
as the pattern correlation coefficients all exceed 0.98
(Table 1), implying that the RRE method is suitable
for investigating the climatic distribution of rainfall
features for different datasets.

4. Diurnal variation of warm-season RREs
4.1 Diurnal variation of RREs and its rela-

tionship with that of RRCs

The above section shows that the spatial distribu-
tions of RRE frequency and intensity are quite consis-

tent among rain gauge observations, CMPA-Hourly,
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Fig. 5. As in Fig. 3, but for the hourly intensity of RREs (mm h™').

and the two satellite products. The diurnal variation
of warm-season RREs is further analyzed in this sec-
tion.

The diurnal phase, defined by the time of maxi-
mum during the day, for RRE intensity and frequency,
is given in Fig. 6. The surface-observed diurnal phase
of RRE intensity is similarly distributed to that us-
ing single station records (Fig. 6a). Distinct regional
differences in the diurnal phase are seen over central—
eastern China. Over the Sichuan basin, the RRE in-
tensity tends to reach a peak in nocturnal hours, and

the diurnal phase shows an evident eastward delay

along the Yangtze River valley. Over southeastern
China, the RRE intensity reaches a peak in the af-
ternoon. Over the regions between the Yangtze and
Yellow rivers, both morning and afternoon peaks are
apparent, but the morning peak seems not as obvious
as that in single station analyses. The morning peak
is more evident in northern China.

The diurnal variation of RRE intensity in CMPA-
Hourly is quite consistent with that in station obser-
vations (Fig. 6¢). The nocturnal peak in southwestern
and northern regions, afternoon peak in the southern

region, and the double peaks between the Yangtze and
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Yellow rivers, are all realistically reproduced. TRMM
(Fig. 6e) and CMORPH (Fig. 6g) also represent the
regional distribution of RRE intensity phase well, but
they both show a timing of several hours earlier over

most regions. For example, the RRE intensity reaches

CHEN Haoming, YU Rucong and SHEN Yan 747

its diurnal peak at 0200 LST (Local Solar Time) in the
Sichuan basin in both TRMM and CMORPH data,
whereas it occurs at 0500 LST in surface observations
and CMPA-Hourly data. In southern China, the shift
in the diurnal phase is more obvious in CMORPH than
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Fig. 6. The diurnal phases (LST) of the 2008-2013 warm-season (May—September) (a, c, e, g) mean intensity and
(b, d, f, h) frequency of RREs from (a, b) rain gauges, (¢, d) CMPA-Hourly, (e, f) TRMM, and (g, h) CMORPH. The

different colors represent different hours. The Yellow and Yangtze rivers are marked by white lines. Four distinct regions

are marked by rectangles in (a).
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Fig. 6. (Continued.)

in TRMM. The morning peak over the regions between
the Yangtze and Yellow rivers is not obvious in these
two satellite datasets, but they reproduce the morning
peak in northern China well.

The diurnal phases of RRE frequency are also
compared (Figs. 6b, 6d, 6f, and 6h). Different from
that of intensity, the RRE frequency reaches its peak
during 1700-2000 LST over most of central-eastern
China in surface observations (Fig. 6b). The noc-
turnal to morning peak is only obvious in the south-
western regions and coastal regions of northern China.
The distribution of RRE frequency phase in CMPA-
Hourly is consistent with that in surface observations.
The TRMM and CMORPH data also present the dom-
inant afternoon peaks over central-eastern China, al-
beit reaching them about 3 hours earlier. Considering
the 3-h sampling of these two satellite products, the
shift could be tolerable. In particular, the consistency
in the mean frequency and diurnal phase of frequency
indicates that the RRE method is reasonable for com-
paring sub-daily variations among different datasets.

To further illustrate the cause of the elimination
of the differences, the diurnal phases of the RRC are
presented in Fig. 7. Different from the diurnal phase
of RRE frequency and intensity, the spatial distribu-
tion of RRC peak hours does not show uniform re-
gional features in all datasets. The diurnal phases
of the RRC in station observations (Fig. 7a) and
CMPA-Hourly (Fig. 7b) show a similar pattern, ex-
cept for the eastern slope of the Tibetan Plateau. Over

the eastern slope of the Tibetan Plateau, where sta-
tions are relatively sparsely distributed, the rainfall
information could be more contributed by CMORPH
data in the CMPA-Hourly product. Furthermore, the
differences between station observations and CMPA-
Hourly over this region also imply an effect of sample
number in a given area in calculating the RRC, which
should be considered when applying the RRE method,
especially over regions with steep topography. Over
most regions of central-eastern China, both station
observations and CMPA-Hourly show that the RRC
reaches a diurnal peak during morning and noon. In
southern regions, where the warm-season mean RRC
is smaller, and in the Hetao region, where the mean
RRC is largest, the RRCs tend to reach daily maxi-
mum during 0800-1400 LST. In the regions between
the Yangtze and Yellow rivers, the peak hour is ear-
lier, during 0200-0800 LST. The diurnal phases of the
RRC in TRMM (Fig. 7c¢) and CMORPH (Fig. 7d)
data are generally earlier than that in surface obser-
vations and CMPA-Hourly data, except over southern
and central-eastern China. In these two regions, the
RRC tends to reach its daily maximum in the after-
noon, implying that satellite-based remote sensing is
able to capture more organized rainfall systems in the
afternoon. This is consistent with the overestimation
of afternoon rainfall in the satellite products, as local
rain tends to be distributed over the whole grid in the
satellite data.

The regional mean diurnal cycles of the normal-
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Fig. 7. The diurnal phases (LST) of the 2008-2013 warm-season RRC from (a) rain gauges, (b) CMPA-Hourly, (c)
TRMM, and (d) CMORPH. The different colors represent different hours. The Yellow and Yangtze rivers are marked

by gray lines.

ized RRC and RRE frequency and intensity are shown
in Fig. 8. Four distinct regions (marked in Fig. 6a) are
selected for comparison. Generally, the diurnal varia-
tions of the RRC and RRE frequency and intensity in
CMPA-Hourly are all consistent with those in station
The TRMM and CMORPH products
also show similar diurnal variation, albeit with a cer-

observations.
tain phase shift for the peak hours. An interesting
phenomenon is that the RRC tends to reach its peak

several hours after the RRE intensity reaches its peak,

except in Region 3. In all regions, the RRC still in-
creases after the RRE intensity reaches its peak and
begins to decrease. The relationship between the evo-
lution of the RRC and RRE intensity indicates that
most RREs are uniformly spread to a larger area after
reaching a peak. As the RRC represents the spatial
spread of rain in a given box, a larger RRC indicates
that the rain covers a larger area in the grid box. The
lag in the RRC may imply an extension of the local

convection system (with a smaller RRC but larger in-
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Fig. 8. Regional mean diurnal cycles of normalized (normalized by the daily mean) RRC (thin gray line; right y-axis),

intensity (black line with dots; left y-axis) and frequency (black line with triangles; left y-axis) of RREs, averaged over

the regions (a—d) 1, (e-h) 2, (i-1) 3, and (m—p) 4 as outlined in Fig. 6a, from (a, e, i, m) rain gauge measurements, (b, f,
j, n) CMPA-Hourly, (c, g, k, o) TRMM, and (d, h, 1, p) CMORPH.

tensity) to regional stratiform rainfall (with a larger
RRC but weaker intensity), after its peak.

In Region 1, with a distinct nocturnal peak, both
the rain gauge (Fig. 8a) and CMPA-Hourly (Fig. 8b)
data show a large single peak around 0400 LST, and
a valley at 1600 LST, in RRE intensity. The diurnal
curve of RRE frequency is similar with that of inten-
sity, but with a much weaker amplitude. The diurnal
peak of the RRC occurs at 0800 (0700) LST for sta-
tion (CMPA-Hourly) data, about 4 (3) h later than
the peak hour of intensity. This signal is also evident
in the TRMM data (Fig. 8c), but the diurnal phase
shift is about 2-3 h, possibly because it is a 3-hourly
dataset. For CMORPH data (Fig. 8d), the RRE fre-
quency and intensity peaks are the same as in TRMM,
but the RRC reaches its peak at the same time as that
of RRE frequency and intensity.

In Region 2, where a near-noon peak of the RRC
dominates (Fig. 7), the RRE intensity shows a strong
morning peak in station (Fig. 8¢) and CMPA-Hourly
(Fig. 8f) data, and the frequency shows a strong af-
ternoon peak. The peak hours are also the same for
these two datasets. The RRC reaches its peak at 1200

LST, also 4 h later than that of intensity. The rela-
tionship between the diurnal variation of the RRC and
RRE frequency is not clear. A shift in peak hours is
also evident in TRMM (Fig. 8g) and CMORPH (Fig.
8h) data in Region 2. For example, the RRE inten-
sity peaks at 0400 LST and the frequency peaks at
1300 LST, both 4-5 h earlier than that in station and
CMPA-Hourly data. However, the lag in the RRC
peak to that of intensity is reproduced well in both
satellite products.

In Region 3, with a dominant afternoon peak for
RRE intensity and frequency, both the RRE inten-
sity and frequency show a large afternoon peak at
1800 LST in station (Fig. 8i) and CMPA-Hourly (Fig.
8j) data, and at 1700 LST in TRMM (Fig. 8k) and
CMORPH (Fig. 81) data. The RRC shows two com-
parable diurnal peaks, with a larger one in the morn-
ing and a smaller one around midnight. It seems that
the dominant peak of the RRC is decoupled with the
intensity peak in this region, which is quite different
from the situation in the other regions. But, for the
secondary peak, it still lags that of intensity by 6 h,
which is evident in all datasets.
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In Region 4, where the morning and afternoon
peaks are both evident for RRE intensity (Fig. 6), the
RRE intensity (frequency) reaches a dominant peak
at 0600 (1800) LST in station (Fig. 8m) and CMPA-
Hourly (Fig. 8n) data. The semi-diurnal variations
of RRE frequency and intensity are also obvious in
TRMM (Fig. 80) and CMORPH (Fig. 8p) data, but
the afternoon peak is stronger than the morning peak
The RRC also shows
remarkable semi-diurnal variation in all of the four

in the two satellite datasets.

datasets, with the two peaks both lagging those of
intensity.

4.2 Diurnal variation of intense long-duration
RREs in station observations and CMPA -
Hourly data

Previous results indicate that the CMPA-Hourly
data perform much better than the two satellite
datasets in revealing the mean state and diurnal vari-
ation of RREs. The durational features of RREs in
CMPA-Hourly are further analyzed. As both TRMM
and CMORPH are 3-hourly datasets, they are not
used in the following analyses.

The mean durations of RREs from station ob-
servations and CMPA-Hourly data are compared in
Fig. 9. The CMPA-Hourly (Fig. 9b) data show a

4.5 4.8 5.1

5.4 5.7 6 6.4
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consistent distribution of mean duration with station
observations (Fig. 9a), with a pattern correlation co-
efficient of 0.99. The RREs in CMPA-Hourly tend
to last longer than those in gauge observations, prob-
ably due to the effect of spatial interpolation. The
RMSE for CMPA-Hourly is 2.72 h (Table 1). The
regions with longer duration generally correspond to
those with larger RRE frequency (Fig. 4). This is
quite different to that based on a single station or grid,
from which the regions with longer duration extend
along the Yangtze River valley (Chen et al., 2010).
This also implies inherent differences in the results by
using a single station or grid and RREs. Because an
RRE represents the mean rainfall characteristics of a
limited region, the frequently occurring RRE could re-
spond to longer duration. However, in single station
or grid analyses, a longer duration usually corresponds
to regions where the main rainbelt is located (Chen et
al., 2010; Yuan et al., 2010).

The diurnal variation of RREs with different du-
rations averaged over central-eastern China is illus-
trated in Fig. 10. Similar to the results in previous
studies using single station records (Yu et al., 2007a;
Li et al., 2008), both RRE intensity and frequency oc-
curring in late afternoon (1500-1900 LST) and early
morning (0300-0800 LST) dominate the rainfall peaks

120°E

4 5 6 7 7.2 7.5 7.8 84 9

Fig. 9. Spatial distributions of 2008-2013 warm-season mean duration (h) of RREs derived from (a) rain gauge

observations and (b) CMPA-Hourly data.
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over central—-eastern China. The two datasets show al-
most the same results. The RREs lasting shorter than
or equal to 9 h primarily show a late-afternoon diur-
nal peak, and those lasting longer than 12 h mainly
present a late-night to early-morning peak. The di-
urnal amplitude of afternoon short-duration RREs is
stronger than that of nocturnal long-duration RREs.
Since RREs of long duration (lasting longer than 12 h)
are the main contributors to the total rainfall amount
(Yu et al., 2007a), and usually have substantial im-
pacts on the regional hydrological cycle and thus se-
vere weather disasters, the diurnal variation of these
events, with an intensity larger than 2 mm h~! (here-
after referred to as intense long-duration RREs), is
further analyzed.

The diurnal variations of intense long-duration
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RREs are illustrated in Fig. 11.
gate the diurnal variations, the most frequent hours

To fully investi-

when these events tend to peak, start, and cease are
given separately. The most frequent peak hours are al-
most the same in station observations (Fig. 11a) and
CMPA-Hourly data (Fig. 11b), which, as reported
earlier, show differences in their diurnal phases of RRE
intensity and frequency (Fig. 6). Along the Yangtze
River valley and over the regions between the Yangtze
and Yellow rivers, the RRE tends to peak around mid-
night to the morning hours. Of note is that the east-
ward delayed diurnal phase along the Yangtze River
valley is not so obvious as that when using single sta-
tion or satellite grids for the analyses (Yu et al., 2007a;
Chen et al., 2010; Chen G. X. et al., 2012). The after-
noon peak still dominates in the regions over south-
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Fig.

10. The normalized diurnal variations (normalized by the daily mean) of the warm-season mean hourly (a,

b) intensity and (c, d) frequency of RREs with different durations averaged over central-eastern China (18°—43°N,
100°-125°E) from (a, c) rain gauge observations and (b, d) CMPA-Hourly data.
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Fig. 11. Spatial distributions of the most frequent hours when intense long-duration RREs (a, b) peak, (c, d) start, and
(e, ) cease, based on (a, c, ) rain gauge observations and (b, d, f) CMPA-Hourly data. The different colors represent
different hours.
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eastern China. Over northern China, the afternoon
and nocturnal peaks are comparable. The usual start
and cease hours are also consistent between the two
datasets. Over southeastern and northern China, the
intense long-duration RREs tend to start in the af-
ternoon and cease around midnight to morning. The
usual start hours are earlier over southeastern regions
than those in northern regions, and the cease hours
show the same trend. For example, over southeastern
China, intense long-duration RREs tend to start dur-
ing 1200-1400 LST and cease during 2200-0200 LST;
while over northern China, these events start more
frequently during 1600-2000 LST and cease during
0800-1200 LST. Over the Sichuan basin, intense long-
duration RREs tend to start around midnight and
cease in the afternoon. Over the regions between the
Yangtze and Yellow rivers, the usual start and cease

hours show no evident regional consistency.
5. Summary and concluding remarks

This study employs the newly defined RRE con-
cept of Yu et al. (2015) as a new metric to com-
pare merged precipitation analysis and satellite pre-
cipitation products with rain gauge observations. The
comparison provides a reference for the reliability of
satellite products on the sub-daily scale over central—
eastern China, and the results should prove helpful in
understanding the evolution of, and mechanisms be-
hind, rainfall characteristics over the East Asian mon-
soon regions. The major conclusions can be summa-
rized as follows.

(1) By investigating hourly rainfall characteristics
from a regional perspective, the warm-season mean
frequency and intensity of RREs in different precip-
itation datasets show similar distributions over most
of central-eastern China. The commonly recognized
overestimation (underestimation) of frequency (inten-
sity) in satellite-based products is largely eliminated.

(2) The diurnal variations of RRE intensity
and frequency are also comparable among different
datasets. The overestimation of the afternoon peak
is not obvious in both TRMM and CMORPH, but the
RRC reaches a diurnal maximum more frequently in
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the afternoon in TRMM and CMORPH than in gauge
and CMPA-Hourly data.

(3) Despite the similarities among different
datasets, the CMPA-Hourly data show considerable
advantages in reproducing the gauge-observed mean
state and diurnal variation of RRE, as compared with
the TRMM and CMORPH datasets, over central-
eastern China.

The CMPA-Hourly dataset is more consistent
with station observations because it is constructed
based on a combination of station and satellite ob-
servations. Nonetheless, we also found some differ-
ences between gauge observations and CMPA-Hourly
data. As CMPA-Hourly is also a gridded product, it
is somewhat biased to compare its reliability with rain
gauges at a fixed location. This is why we argue that
it should be more appropriate to compare different
products from an RRE perspective. From our results,
CMPA-Hourly is comparable with station observations
over the regions with a dense station network; only a
small number of differences are found, which may be
introduced by interpolation. However, over the regions
with a sparse network, e.g., over the eastern slope of
the Tibetan Plateau, with its steep topography, these
two datasets still show some differences on the sub-
daily timescale. The frequency and intensity of RREs,
as well as the RRC, in CMPA-Hourly are closer to
those in satellite-based products.

By applying this newly defined RRE concept of
Yu et al. (2015), this study compares hourly character-
istics of rainfall events in a limited region over central—
eastern China. It is found that the commonly recog-
nized overestimation of afternoon rainfall in satellite
products can be largely due to the comparison method
employed. Since rain gauges only observe rainfall at
one fixed location, while satellite instruments estimate
the rainfall as an average over a grid box, it is not
reasonable to compare them at the station location
or simply average to the same resolution. These two
kinds of data usually show more consistency in rep-
resenting rainfall in the nocturnal to morning hours
because such events are always related to large-scale
systems and tend to spread more uniformly in spatial

terms, being more easily captured by both in-situ
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observations and grid estimates. However, in the af-
ternoon, when local thermal convection on small scales
is more active, rainfall systems can be small, and the
ability to capture these local systems differs among
different measurement methods. Nevertheless, if the
rainfall features in a limited region are considered as
a whole, the discrepancy should be largely reduced.
The method proposed in this study also provides
a more reasonable way to evaluate simulated rain-
fall features in numerical models. In the last decade
or so, the meteorological community has become in-
creasingly concerned with the uncertainty in model
verification results arising from many sources (Jol-
liffe, 2007; Gilleland et al., 2010).
argues that observations are inherently uncertain due

Previous work

to measurement as well as spatial and temporal rep-
resentativeness errors, and the application of model
verification to limited samples of forecasts leads to
uncertainty related to sampling variability (Ciach and
Krajewski, 1999; Bowler, 2008). As precipitation is
produced by sub-grid-scale physics averaged to the
model grid, the results could differ compared to those
obtained from rain gauge observations or remote sens-
ing measurements. However, the rainfall produced
by the model should be able to represent regional-
scale rainfall characteristics, and thus evaluation us-
ing RREs could provide more useful information on
the advantages and deviations of a particular model.
Furthermore, the rainfall produced by models with
different horizontal resolutions represents systems of
different scales; the application of this method in
model evaluation and its usability in evaluating mod-

els with different resolutions still needs further study.
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